Introduction {#s1}
============

An important attribute of stem cell populations is the capacity to self-renew indefinitely both in normal development and during the process of cell transformation. Cancer stem cells, initially identified in acute myeloblastic leukemias [@pgen.1004768-Lapidot1], can self-renew indefinitely to propagate and maintain the disease [@pgen.1004768-Valent1]. This led to the experimental definition of leukemia initiating cell (LIC) characterized by their capacities to initiate the disease in transplanted host mice [@pgen.1004768-Lapidot1], [@pgen.1004768-Bonnet1]. Important questions remain to be resolved with regards to the nature of the cell of origin of cancer, that is the normal cells from which cancer originates [@pgen.1004768-Jordan1]--[@pgen.1004768-Nguyen1] and the mechanisms that drive the transition to an initiated state [@pgen.1004768-Greaves1]. It was initially thought that the capacity for self-renewal of LICs, also referred to as leukemic stem cells (LSCs), is conferred by the cell of origin of cancer, that is, primitive hematopoietic stem/progenitor cells (HSPCs), even though the leukemic phenotype is manifest in differentiating myeloblasts [@pgen.1004768-Bonnet1]. Alternatively, oncogenes acting on committed progenitors can induce a stem cell gene signature [@pgen.1004768-Krivtsov1], leading to the reprogramming of non-self-renewing progenitors into pre-leukemic stem cells (pre-LSCs) [@pgen.1004768-McCormack1], [@pgen.1004768-Hong1]. Nonetheless, only subsets of progenitors are susceptible to oncogenic reprogramming, raising questions on the molecular events that determine the susceptibility of target cells to oncogenes.

Normal thymic progenitors have limited if any self-renewal capacity [@pgen.1004768-Bhandoola1], [@pgen.1004768-Martins1]. Bone marrow-derived progenitors settle in the thymus and gradually acquire T cell characteristics while losing "stemness" [@pgen.1004768-Zhang1]. The NOTCH1 pathway is a master regulator of thymopoiesis acting at several steps, in particular at the DN3 stage where NOTCH1 together with the pre-TCR drives irreversible T-lineage commitment [@pgen.1004768-Ciofani1]. *NOTCH1* gain-of-function mutations were found in more than half of human T-ALL [@pgen.1004768-Weng1] and in most mouse models [@pgen.1004768-ONeil1], [@pgen.1004768-Tremblay1]. The significance of *Notch1* for oncogenic transformation has been well established whereas the role of *Notch1* in hematopoietic stem cell (HSC) self-renewal has been controversial (reviewed in [@pgen.1004768-Bigas1]). NOTCH activity is highly context-dependent [@pgen.1004768-Koch1]. Hence, a hyperactive *Notch1* allele (*NICD*; hereafter referred to as the *Notch1* oncogene) is shown to cause an exhaustion of HSCs at the expanse of T-LSCs [@pgen.1004768-Chiang1]. Once transformed, LICs in *Notch1*-induced T-ALL depend on continued Notch1 signals for maintenance [@pgen.1004768-Weng1], [@pgen.1004768-Armstrong1]--[@pgen.1004768-Tatarek1] and on several downstream effectors that include *Hes1* [@pgen.1004768-Wendorff1]--[@pgen.1004768-Steininger1] and Myc [@pgen.1004768-Weng2], [@pgen.1004768-Palomero1]. These LICs were found in the immature single positive (ISP8) population, raising the question whether or not ISP8 are the cell of origin of T-ALL. Moreover, Notch1 is a weak tumor initiator [@pgen.1004768-Chiang2]. Finally, the importance of *Notch1* in pre-LSCs remains to be clarified.

Self-renewal in normal HSCs is controlled by a network of transcription factors [@pgen.1004768-Swiers1]. This network includes the basic helix-loop-helix (bHLH) transcription factors SCL/TAL-1 [@pgen.1004768-Reynaud1], [@pgen.1004768-Lacombe1] and the highly homologous LYL1 [@pgen.1004768-Souroullas1]. Both SCL [@pgen.1004768-Porcher1] and LYL1 form DNA binding heterodimers with E-proteins (e.g. E2A and HEB) that are also bHLH factors and directly interact with nuclear co-factors LIM-only (LMO) proteins to form transcription complexes that drive lineage-specific gene expression in hematopoietic cells [@pgen.1004768-Schlaeger1], [@pgen.1004768-Lecuyer1]. SCL is partly redundant with LYL-1 in HSCs [@pgen.1004768-Souroullas1]. *SCL*, *LYL1* and *LMO1/2* expression decreases drastically at early stages of T-cell differentiation [@pgen.1004768-Zhang1]. Their ectopic expression in the thymus, commonly driven by chromosomal rearrangements, is associated with T-ALL [@pgen.1004768-Ferrando1].

Overexpression of *LMO1* or *LMO2* in the thymus induces leukemia in mice with low penetrance and long latency [@pgen.1004768-McGuire1]. This results from the emergence of pre-LSCs with altered gene expression [@pgen.1004768-McCormack1]. Strikingly, T-ALL onset is accelerated by genetic collaboration with SCL [@pgen.1004768-Aplan1], [@pgen.1004768-Larson1]. How SCL induces T-ALL remains to be clarified. Indeed, two mechanisms have been proposed for *SCL*-mediated leukemogenesis. SCL heterodimerizes with and inhibits the activity of E-proteins [@pgen.1004768-Hsu1]--[@pgen.1004768-Chervinsky1] [@pgen.1004768-Yan1]--[@pgen.1004768-ONeil2], in particular of E2A and HEB that are nodal regulators in the T lineage (reviewed in [@pgen.1004768-Murre1], [@pgen.1004768-Kee1]). Accordingly, SCL inhibitory activity is sufficient to cause differentiation arrest in both B- [@pgen.1004768-Herblot2] and T lineages [@pgen.1004768-Goardon1]. Inhibition of E protein and differentiation blockade were, however, insufficient for leukemogenesis since most SCL transgenic lines did not develop T-ALL [@pgen.1004768-Aplan1], [@pgen.1004768-Goardon1], [@pgen.1004768-Robb1], with the exception of one transgenic model [@pgen.1004768-Kelliher1], [@pgen.1004768-Aifantis1]. In parallel, inhibitor of DNA-binding ID1 that sequesters E2A/HEB away from DNA was found to induce T-ALL in transgenic mice [@pgen.1004768-Kim1]. This led to the current view that bHLH oncogenic transcription factors that include SCL (or TAL1), TAL2 and LYL1 form inactive transcriptional complexes that induce T-ALL via inhibition of E proteins (reviewed in [@pgen.1004768-Kee1], [@pgen.1004768-VanVlierberghe1]). With the predicament that cancer development is a Darwinian evolutionary process, the natural selection for genetic variants in which E proteins are inhibited should involve a variety of mechanisms, upregulation of bHLH transcription factors, of ID1-4 proteins that sequester E proteins away from DNA and/or inactivation of E protein encoding genes. The absence of the two latter categories so far in human T-ALL samples argues in favor of the second hypothesis, that transcription activation by oncogenic bHLH factors is an important leukemogenic driver. In support of this hypothesis, there is evidence for target gene activation in leukemic T cells [@pgen.1004768-McCormack1], [@pgen.1004768-Ono1]--[@pgen.1004768-Sanda1]. Nonetheless, how the SCL-LMO1/2 collaboration establishes a pre-leukemic state to initiate T-ALL remains ill-defined. Recently, *Lyl1* gene invalidation is shown to abrogate *LMO2* self-renewal activity in pre-LSCs, suggesting that *Lyl1* is an important downstream target of *LMO2* [@pgen.1004768-McCormack2]. However, overexpressing *LYL1* on its own is clearly insufficient for thymocyte reprogramming [@pgen.1004768-McCormack1], indicating that the molecular context for cell transformation and/or thymocyte reprogramming by *LYL1* remains to be uncovered. The inability of *SCL* or *LYL1* to induce T-ALL on their own and the long latency required for *LMO1/2-*induced leukemogenesis strongly support the view that oncogene cooperativity drives synergistic modulation of gene expression, associated with major change in cellular reorganization [@pgen.1004768-McMurray1]. Understanding the process of oncogene cooperativity in leukemia initiation can reveal mechanisms that control the growth of leukemic stem cells [@pgen.1004768-Ashton1].

Recent genome-wide studies of leukemic samples at diagnosis have been highly informative on the mutational process and potential driver mutations in acute leukemias [@pgen.1004768-Cancer1], [@pgen.1004768-KalenderAtak1]. These powerful approaches did not allow for a clear distinction between initiating events in leukemogenesis and collaborating events that contribute to disease progression, which were revealed through two distinct approaches, the study of rare monochorionic twins [@pgen.1004768-Hong1] or of mouse models. Major questions remain nonetheless to be investigated. For example, it is not clear what determines the nature of the target cells of oncogenic reprogramming [@pgen.1004768-VicenteDuenas1].

We used converging genome-wide approaches together with molecular and genetic approaches to provide novel evidence how the necessary collaboration between *SCL, LMO1* and *Notch1* determines the target cells of transformation in T-ALL and to identify novel mechanisms by which these oncogenes cooperate to activate stem cell genes and to convert normal thymocytes into self-renewing pre-LSCs. In particular, transcription activation posits a requirement for direct SCL-LMO1 interaction to assemble transcription activation complexes at target loci. In the present study, we generated transgenic mice expressing a mutant SCL that is unable to associate with LMO1/2 but retains its capacity to inhibit E2A/HEB, to provide genetic evidence for the importance of transcription activation in thymocyte reprogramming and in leukemogenesis.

Results {#s2}
=======

*SCL* and *LMO1* oncogenes confer an aberrant self-renewal to DN3 pre-leukemic thymocytes {#s2a}
-----------------------------------------------------------------------------------------

The capacity for sustained self-renewal is best observed in serial transplantation assays. While normal thymocytes did not engraft in transplanted hosts, *SCL* ^tg^ *LMO1* ^tg^ thymocytes afforded thymic reconstitution which was sustained through three serial transplantations ([**Fig. 1A--C**](#pgen-1004768-g001){ref-type="fig"} **)**. Thymocyte differentiation in the thymus progresses from the double negative stages (DN1-4) to the CD4^+^CD8^+^ double positive (DP) stage and finally mature single positive CD4^+^ (SP4) or CD8^+^ (SP8) cells (**[S1A,B Fig](#pgen.1004768.s001){ref-type="supplementary-material"}.**). In primary and secondary transplantation, donor-derived cells retained a capacity to give rise to DP cells. However, after the tertiary transplantation, the proportion of donor-derived DN3 thymocytes increased markedly ([**Fig. 1B**](#pgen-1004768-g001){ref-type="fig"}), resulting in a cumulative 75-fold amplification ([**Fig. 1C**](#pgen-1004768-g001){ref-type="fig"}). In contrast, the other thymocyte subsets decreased during the same time-frame. We transplanted purified ETP, DN1-4 and DP populations from pre-leukemic *SCL* ^tg^ *LMO1* ^tg^ mice ([**Fig. 1D**](#pgen-1004768-g001){ref-type="fig"}). Only purified DN3 cells efficiently engrafted the thymus of recipient mice, (*left panel*). A fraction of mice transplanted with DN1 and DN2 cells exhibited less than 1% engrafment and were "negative" by definition, although this was different from the absence of engrafment from DP cells. Furthermore, purified DN3 thymocytes retained the capacity to differentiate *in vivo* into DP and SP cells and, at the same time, to expand and self-renew (*right panel*).

![The *SCL* and *LMO1* oncogenes confer an aberrant self-renewal potential to DN3 pre-leukemic thymocytes.\
(**A--C**) Pre-leukemic *SCL* ^tg^ *LMO1* ^tg^ thymocytes exhibit an aberrant self-renewal potential. Pre-leukemic *SCL* ^tg^ *LMO1* ^tg^ thymocytes (CD45.2^+^) were serially transplanted into primary (I), secondary (II) and tertiary (III) recipient mice (CD45.1^+^) (1.5×10^7^ cells/mouse, 5 mice per group). Donor-derived thymocytes (CD45.1^-^CD45.2^+^) in the thymus were analyzed by flow cytometry 3 weeks after each transplantation. Note the absence of engrafment of wild type (WT) thymocytes when transplanted into primary mice (A). Immunophenotype of donor-derived thymocytes was assessed by flow cytometry (FACS) (B) and the absolute numbers of donor-derived DN1, DN3, DN4 and DP thymocytes were calculated after each transplantation (C). (**D**) *SCL-LMO1*-induced self-renewal activity is almost exclusively present in DN3 thymocytes. Purified thymocyte subpopulations (ETP, DN1-4, DP) from *SCL* ^tg^ *LMO1* ^tg^ mice were transplanted (5×10^4^ cells per mouse). Recipient mice were analyzed for engraftment as above (*left panel*). Representative flow cytometry profiles of thymocytes generated by transplanted DN3 cells (right panel). There was a net 49-fold amplification of DN3 cells in vivo. (**E**) Engrafted *SCL* ^tg^ *LMO1* ^tg^ thymocytes generate functional T cells in vivo that respond to TCR activation. Purified T cells were stimulated (activated) or not (control) with anti-CD3/CD28 beads and analyzed within the donor-derived SP4 and SP8 cells for expression of the CD69 activation marker. Host T and B cells served as positive and negative controls, respectively.](pgen.1004768.g001){#pgen-1004768-g001}

Interestingly, donor-derived SP4 or SP8 thymocytes recovered from transplanted mice were activated by TCR stimulation to the same extent as normal host thymocytes by upregulating the CD69 activation marker ([**Fig. 1E**](#pgen-1004768-g001){ref-type="fig"}). This indicates that engrafted *SCL* ^tg^ *LMO1* ^tg^ thymocytes were non-leukemic. Accordingly, transplanted mice remained aleukemic, with small thymi and normal spleen size, despite the elevated expansion of DN3 thymocytes (**[S1C Fig](#pgen.1004768.s001){ref-type="supplementary-material"}.**). Together, our results indicate that the *SCL* and *LMO1* oncogenes reprogram DN3 thymocytes into pre-LSCs that have acquired de novo self-renewing activity and retained their capacity to differentiate into functional T cells.

The activity of SCL-LMO1 in DN3 thymocytes is sensitive to NOTCH levels {#s2b}
-----------------------------------------------------------------------

The DN3 stage in the thymus marks T-lineage commitment driven by NOTCH1 acting in concert with the pre-TCR. We therefore addressed the question whether these two pathways contribute to DN3 cell reprogramming by *SCL-LMO1.* We first addressed the functional importance of NOTCH1 in this process by lowering or increasing NOTCH activity. The expansion of pre-leukemic *SCL-LMO1* DN3 cells was recapitulated in vitro by co-culture on OP9 stromal cells expressing the NOTCH ligand Delta-like-1 (OP9-DL1) [@pgen.1004768-Schmitt1] ([**Fig. 2A**](#pgen-1004768-g002){ref-type="fig"}). DAPT, an inhibitor of the -secretase, abrogated this expansion ([**Fig. 2A**](#pgen-1004768-g002){ref-type="fig"}) without affecting the viability of the OP9-DL1 stromal cells (**[S2 Fig](#pgen.1004768.s002){ref-type="supplementary-material"}.**). Strikingly, DAPT-treated DN3 cells were no longer able to engraft compared to control cells exposed to the vehicle alone when transplanted at equal numbers, suggesting that physiologic Notch1 signaling is required for SCL-LMO1 activity. We then addressed the consequences of supraphysiologic *Notch1* signaling on thymocyte reprogramming. Oncogenic *Notch1* has well established functions in leukemia induction and leukemia maintenance (reviewed in [@pgen.1004768-Bigas1]). Nonetheless, the role of *Notch1* during this initial transition stage from a cell with finite life span to an aberrantly self-renewing pre-LSC remains to be addressed. Surprisingly, pre-leukemic *Notch1* ^tg^ thymocytes did not repopulate the thymus of recipient mice ([**Fig. 2B**](#pgen-1004768-g002){ref-type="fig"}). Rather, *Notch1* significantly enhanced the engraftment of *SCL* ^tg^ *LMO1* ^tg^ thymocytes ([**Fig. 2B**](#pgen-1004768-g002){ref-type="fig"}). These cells also became independent of the thymic microenvironment (**[S3A--B Fig](#pgen.1004768.s003){ref-type="supplementary-material"}.**). Therefore, *Notch1* acts as a strong enhancer of SCL-LMO1 self-renewal activity but lacks intrinsic reprogramming activity in the absence of other oncogeneic transcription factors.

![Notch1 collaborates with SCL-LMO1 to increase the pool of pre-LSCs and their competitiveness independently of a functional pre-TCR.\
(**A**) The engraftment of *SCL-LMO1* DN3 thymocytes is abrogated by γ-secretase inhibitor (GSI) treatment prior to transplantation. DN3 thymocytes were purified from pre-leukemic *SCL* ^tg^ *LMO1* ^tg^ mice and co-cultured on OP9-DL1 stromal cells in the presence or absence (vehicle) of 2.5 µM DAPT (GSI) for 4 days. The total numbers of viable cells recovered per culture are shown (*right panel*). Following drug treatment, equal numbers of viable cells were transplanted (5×10^4^ per mouse, n = 5). Engrafted mice: number of positive mice showing thymic reconstitution per group. (**B**) A hyperactive *Notch1* allele is insufficient to induce aberrant self-renewal in thymocytes but significantly enhances the engraftment of *SCL* ^tg^ *LMO1* ^tg^ thymocytes. Total thymocytes (1.5×10^7^) from 1-week-old mice of the indicated genotype were transplanted; recipient mice were analyzed for thymic engraftment 3 weeks later. (**C**) Oncogenic *Notch1* increases the frequencies of *SCL-LMO1* pre-LSCs independently of a functional pre-TCR. Purified DN3 thymocytes from *SCL* ^tg^ *LMO1* ^tg^ and *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ mice with (*Cd3ε* ^+/+^) or without (*Cd3ε* ^-/-^) a functional pre-TCR were transplanted in limiting dilution assays (*upper panel*). Mice were scored positive when T-cell lineage reconstitution was more than 1%; pre-LSC frequencies and confidence intervals (*lower panel*) were calculated by applying Poisson statistics using the Limiting Dilution Analysis software (StemCell Technologies). (**D**) *Cd3ε* ^-/-^ *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes outcompete *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes. Reconstitution by *Cd3ε* ^-/-^ *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ (CD45.2^+^ GFP^-^, closed circles) and *GFP* ^tg^ *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^ (CD45.2^+^ GFP^+^, open circles) thymocytes transplanted with the indicated cell numbers at 1∶1 or 1∶20 ratio. (**E**) *Notch1* expands the cellular targets of *SCL-LMO1* to DN1-4 and ISP8 cells. Pre-leukemic thymocyte subsets (DN1-4, ISP8 and DP) were purified from *Notch1^tg^SCL^tg^LMO1* ^tg^ mice and transplanted at 5×10^4^ cells per recipient mouse. The absolute numbers of donor-derived DN1-4 and ISP8 cells was calculated for each transplantation.](pgen.1004768.g002){#pgen-1004768-g002}

*Notch1* oncogene confers a proliferative advantage to *SCL-LMO1*-induced pre-LSCs independently of a functional pre-TCR {#s2c}
------------------------------------------------------------------------------------------------------------------------

To determine whether the *Notch1* oncogene modifies the frequency of *SCL-LMO1* pre-LSCs and/or their expansion at the clonal level, we performed limiting dilution assays using DN3 pre-leukemic thymocytes ([**Fig. 2C**](#pgen-1004768-g002){ref-type="fig"}). A hyperactive *Notch1* allele increased by 60-fold the frequency of *SCL-LMO1-*induced pre-LSCs ([**Fig. 2C**](#pgen-1004768-g002){ref-type="fig"}). In contrast, *Notch1* did not significantly modify the expansion potential of individual pre-LSC when transplanted at ∼1 competitive repopulating unit, (**[S3C Fig](#pgen.1004768.s003){ref-type="supplementary-material"}.**). Therefore, *Notch1* expands the pool of *SCL* ^tg^ *LMO1* ^tg^ pre-LSCs *in vivo*. We took advantage of the *Tcrβ* gene rearrangement as a clonal mark to assess the diversity of pre-LSCs in transplantation assays (**[S3D Fig](#pgen.1004768.s003){ref-type="supplementary-material"}.**). Pre-leukemic thymocytes were polyclonal before transplantation. Engrafted *SCL* ^tg^ *LMO1* ^tg^ thymocytes exhibited an oligoclonal signature whereas *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes remained polyclonal after transplantation. Furthermore, we ruled out the possibility that *SCL* ^tg^ *LMO1* ^tg^ thymocytes had acquired *Notch1* mutations (**[S1 Table](#pgen.1004768.s012){ref-type="supplementary-material"}**). These results indicated that a limited number of *SCL-LMO1* expressing clones were able to self-renew in the absence of *Notch1* while multiple clones were able to self-renew in the presence of *Notch1*.

We next addressed the role of the pre-TCR in the self-renewal activity induced by *SCL-LMO1* and *Notch1*. We exploited the *Cd3ε* ^-/-^ genetic mouse model in which thymocyte differentiation is blocked at the DN3a stage because of a non-functional pre-TCR/TCR (**[S1 Fig](#pgen.1004768.s001){ref-type="supplementary-material"}. and [S4A Fig](#pgen.1004768.s004){ref-type="supplementary-material"}.**). We observed that pre-TCR signalling did not modify the frequency of *SCL-LMO1*-induced pre-LSCs nor the genetic collaboration between *Notch1* and *SCL-LMO1* in thymocyte reprogramming ([**Fig. 2C**](#pgen-1004768-g002){ref-type="fig"}). Moreover, the transplantation of pre-leukemic *Cd3*ε^-/-^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes resulted in thymic reconstitution in primary, secondary and tertiary recipient mice (**[S4B Fig](#pgen.1004768.s004){ref-type="supplementary-material"}.**, *left panel*), associated with DN3 cell expansion over serial transplantations (**[S4B Fig](#pgen.1004768.s004){ref-type="supplementary-material"}.**, *right panel*), as observed with *SCL* ^tg^ *LMO1* ^tg^ thymocytes ([**Fig. 1C**](#pgen-1004768-g001){ref-type="fig"}).

We therefore took advantage of *Cd3ε* ^-/-^ mice to specifically assess the effects of the *Notch1* transgene. We transplanted *SCL* ^tg^ *LMO1* ^tg^ thymocytes in competition with *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes. The formers were marked with GFP to distinguish between the two cell types. Strikingly, the hyperactive *Notch1* allele conferred a marked competitive advantage to *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes when transplanted at equal concentrations both at the limiting (1×10^3^) and higher (1×10^6^) cell doses ([**Fig. 2D and S**](#pgen-1004768-g002){ref-type="fig"} **4C Fig.**). *SCL* ^tg^ *LMO1* ^tg^ *Gfp* ^tg^ thymocytes became competitive only when transplanted at 20-fold excess. These results indicate that oncogenic *Notch1* confers a competitive advantage to *SCL* ^tg^ *LMO1* ^tg^ pre-LSCs.

Constitutive *Notch1* activation expands the pool of *SCL-LMO1*-induced pre-LSCs to all DN-ISP8 populations {#s2d}
-----------------------------------------------------------------------------------------------------------

In addition, the capacity of *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes to engraft was no longer confined to DN3 but was found in all DN subsets (DN1-DN4) and immature single-positive CD8 (ISP8) cells but not in DP thymocytes (**[S4D Fig](#pgen.1004768.s004){ref-type="supplementary-material"}.**). Strikingly, these purified DN-ISP8 thymocytes preferentially gave rise to the same populations in transplantation, indicative of self-renewal activity ([**Fig. 2E**](#pgen-1004768-g002){ref-type="fig"}). Therefore, elevating *Notch1* activity was sufficient to convert all immature thymocytes (DN1 to ISP8) into cellular targets of *SCL-LMO1* reprogramming activity. This expansion of cellular targets concur with the limiting dilution assay indicating that *Notch1* increased the frequency of pre-LSCs.

We conclude that NOTCH1 levels determine the expressivity of *SCL-LMO1* in thymocyte reprogramming.

The *Notch1-Hes1*/*Myc* pathway as an enhancer of *SCL/LMO1* self-renewal activity {#s2e}
----------------------------------------------------------------------------------

Our findings indicate that SCL-LMO1 self-renewal activity is confined to the DN3 stage ([**Fig. 1D**](#pgen-1004768-g001){ref-type="fig"}), is GSI-responsive and is sensitive to NOTCH1 levels ([**Fig. 2A--B**](#pgen-1004768-g002){ref-type="fig"}). Interestingly, DN3 thymocytes are normally more sensitive to decreased *Notch1* gene dosage compared to earlier thymocyte progenitors [@pgen.1004768-Tan1]. We therefore capitalized on the comprehensive gene expression data from the Immunological genome project (Immgen) together with NOTCH1 ChIP-Seq data [@pgen.1004768-Wang1] and HSC self-renewal resources to inform about candidate genes in pre-LSC self-renewal. First, we investigated the upregulation pattern of NOTCH1-bound genes that are GSI-responsive during early thymocyte differentiation. Considering genes that increased by more than 1.3-fold at each transitional stage, the analysis revealed that the percentage of up-regulated NOTCH1-bound genes steadily increased from the ETP to the DN3a stage and decreased thereafter ([**Fig. 3A**](#pgen-1004768-g003){ref-type="fig"} **and [S2 Table](#pgen.1004768.s013){ref-type="supplementary-material"}**) as expected (reviewed in [@pgen.1004768-Aster1]). The general trend was also observed for the total transcriptome but the magnitude of the effect was stronger for the NOTCH1-bound genes ([**Fig. 3A**](#pgen-1004768-g003){ref-type="fig"}). Furthermore, NOTCH1-bound genes sharply decreased at the DP stage when the total transcriptome increased. Finally, DN3 cells in WT and *SCL-LMO1* mice exhibit the highest levels of *Notch1* and *Notch3* genes and of the NOTCH reporter activity in Transgenic Notch Reporter (*TNR* ^tg^) mice (**[S5A--B Fig](#pgen.1004768.s005){ref-type="supplementary-material"}.**) as reported [@pgen.1004768-Tatarek1]. Therefore, NOTCH activity was highest in DN3 thymocytes, coinciding with the self-renewal activity of *SCL-LMO1*. *MYC* has been implicated downstream of *NOTCH1* in T-ALL [@pgen.1004768-Weng2]. Interestingly, we found that the increase in MYC target genes coincided with that of NOTCH1 and peaked at the DN2-DN3a transition ([**Fig. 3A**](#pgen-1004768-g003){ref-type="fig"}).

![Functional importance of *Hes1* and *c-Myc* downstream of *Notch1* in thymocyte reprogramming induced by SCL-LMO1.\
(**A**) Expression of GSI-responsive NOTCH1 target genes during thymocyte differentiation. Global gene expression data of thymocyte subpopulations were obtained from the Immunological Genome Project (<http://www.immgen.org/>). The percentage of GSI-responsive NOTCH1 target genes [@pgen.1004768-Wang1] or MYC target genes [@pgen.1004768-Lachmann1] that are up-regulated at each transitional stage during thymocyte differentiation (\>1.3-fold change) are shown. (**B**) Filtering of GSI-responsive NOTCH1 target genes that increase at the DN2 to DN3a transition and are present in HSC self-renewal resources ([www.bioinfo.iric.ca/self-renewal/Main](http://www.bioinfo.iric.ca/self-renewal/Main) and [www.bonemarrowhsc.com](http://www.bonemarrowhsc.com)). (**C**) Gene expression profiles of *Notch1* and their target genes (*Notch3*, *Hes1*, *IL7r*, *Myc* and *Bcl6*) during thymocyte differentiation were collected from the Immunological Genome Project and represented as a heat map. (**D**) Schematic strategy to study the role of *Hes1* and *c-Myc* in self-renewal activity induced by *SCL-LMO1*. Lineage negative (LIN^-^) cells from *SCL* ^tg^ *LMO1* ^tg^ mice (CD45.2^+^) were transduced with either MSCV-*Hes1* and MSCV- *Myc* retroviral vectors or with control MSCV-GFP. Equal number (5×10^4^ cells) of purified GFP^+^LIN^-^ cells were then transplanted in primary mice (CD45.2^-^). Donor-derived GFP^+^CD45.2^+^ thymocytes were transplanted at the limiting dose of ∼1 CRU (10^5^ cells) per mouse into secondary recipients. (**E**) Immunophenotype of donor-derived GFP^+^CD45.2^+^ thymocytes in primary mice was analyzed by FACS (*left panel*) and the absolute number of DN3 cells was calculated (*right panel*). (**F**) The fold expansion of donor-derived GFP^+^CD45.2^+^ DN3 thymocytes was calculated in secondary mice.](pgen.1004768.g003){#pgen-1004768-g003}

Candidate genes operating with SCL-LMO1 at the DN3 stage should also be GSI-responsive, as engraftment by SCL-LMO1 DN3 thymocytes was DAPT-sensitive. These genes should operate prior to pre-TCR signalling, i.e. at the DN3a stage, since *SCL-LMO1*-induced self-renewal activity was fully efficient in *Cd3ε*-deficient DN3 thymocytes ([**Fig. 2C and S**](#pgen-1004768-g002){ref-type="fig"} **4B Fig.)**. Based on the list of GSI-responsive NOTCH1-bound genes published by Wang et al [@pgen.1004768-Wang1], 25 were found to increase at the DN2 to DN3a transition (**[S2 Table](#pgen.1004768.s013){ref-type="supplementary-material"}**). We next intersected this short list with HSC self-renewal resources [@pgen.1004768-Deneault1], [@pgen.1004768-Rossi1] and found 3 genes *Hes1, Myc* and *Bcl6* ([**Fig. 3B**](#pgen-1004768-g003){ref-type="fig"}). We ruled out *Bcl6* because of high expression in DP cells that are resistant to cellular reprogramming while both *Myc* and *Hes1* decreased at this stage ([**Fig. 3C**](#pgen-1004768-g003){ref-type="fig"}). We noticed that Notch1 target genes correlate well with Notch1 mRNA levels during thymocyte differentiation, except *Myc*. Despite this, the increase in MYC-bound genes at the DN2-DN3a transition correlates with that of NOTCH1-bound genes ([Fig. 3A](#pgen-1004768-g003){ref-type="fig"}). These observations suggest MYC activity is subject to additional levels of regulation. *Myc* is a well known target of NOTCH1 in T-ALL [@pgen.1004768-Weng2], [@pgen.1004768-Sharma1]. Moreover, *Hes1* overexpression expanded HSCs in culture [@pgen.1004768-Deneault1], [@pgen.1004768-Kunisato1] whereas *Hes1* invalidation decreased LSCs in *Notch1-*induced T-ALL [@pgen.1004768-Wendorff1]. We therefore determined whether *Hes1* or *Myc* may be important for this new activity of *Notch1* at enhancing *SCL-LMO1* reprogramming activity.

To determine whether *Hes1* or *Myc* can substitute for *Notch1* as an enhancer of *SCL-LMO1*, we overexpressed these genes in HSCs from SCL-LMO1 transgenic mice using the MSCV retroviral vector ([**Fig. 3D**](#pgen-1004768-g003){ref-type="fig"}). Both *Hes1* and *Myc* caused an expansion of the DN3 population in transplanted mice, which was twenty to forty fold higher than that observed with the control vector (GFP) ([**Fig. 3E**](#pgen-1004768-g003){ref-type="fig"}). Furthermore, all DN populations were expanded by *Myc* whereas the activity of *Hes1* was more specific to the DN3 population ([**Fig. 3E and S**](#pgen-1004768-g003){ref-type="fig"} **6A Fig.**). Thymocytes overexpressing *Hes1* or *Myc* were recovered and transplanted into secondary mice at the limiting dose of ∼1 CRU per mouse. Consistent with this limiting dose, the proportion of engrafted mice remained at 30% in the *Gfp* and *Hes1* groups ([**Fig. 3F**](#pgen-1004768-g003){ref-type="fig"}), suggesting that the frequency of pre-LSC was not modified by *Hes1*. Nonetheless, the total number of DN3 thymocytes recovered from these mice were modestly higher with *Hes1*. In contrast, *Myc* overexpression expanded the population of DN3 and 5 of 6 mice were reconstituted, indicative of increased pre-LSC frequency ([**Fig. 3F**](#pgen-1004768-g003){ref-type="fig"}). Therefore, *Myc* expanded DN3 thymocytes and increased their self-renewal activities, thus recapitulating the activity of the *Notch1* transgene. In comparison, *Hes1* activity was mostly in DN3 expansion. Accordingly, thymocytes from *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ mice in which *Hes1* levels were decreased by a *Hes1*-directed shRNA (**[S6B Fig](#pgen.1004768.s006){ref-type="supplementary-material"}.**, *upper panel*) exhibited two-fold decreased regenerative capacities compared to control cells expressing the empty vector (**[S6B Fig](#pgen.1004768.s006){ref-type="supplementary-material"}.**, *lower panel*). Moreover, the self-renewing DN and ISP8 populations were similarly decreased while DP cells that lacked self-renewal activity were unaffected (**[S6B Fig](#pgen.1004768.s006){ref-type="supplementary-material"}.**, *lower panel*). Therefore, *Hes1* is required downstream of *Notch1* as an expansion factor, whereas *Myc* controls both self-renewal activity and cell expansion.

In summary, our results indicate that *Notch1* signal controls both *Hes1* and *Myc* and determines the capacity of DN3 thymocytes to be reprogrammed by *SCL-LMO1*.

*SCL-LMO1* upregulated a stem cell gene signature in DN3 thymocytes {#s2f}
-------------------------------------------------------------------

To identify candidate genes that confer self-renewal capability to pre-leukemic DN3 thymocytes, we made use of the *Cd3ε-*deficient mouse model in which oncogene-induced self-renewal activity was unaltered ([**Fig. 4A**](#pgen-1004768-g004){ref-type="fig"}). We compared gene expression profiles of thymocytes from *SCL-LMO1* transgenic and age-matched non transgenic *Cd3ε^-/-^* mice, taken three weeks after birth. At this time point, the transcriptome analysis identified only 53 up-regulated and 33 down-regulated genes in *SCL-LMO1* expressing thymocytes (**[S3 Table](#pgen.1004768.s014){ref-type="supplementary-material"}**), indicating that the gene expression programs in the two cell types were comparable. We compared this list of differentially expressed genes with the genome binding profiles of SCL and LMO2 in several hematopoietic cell lines identified from a compendium of ChIP-seq datasets [@pgen.1004768-Hannah1]. Within the down-regulated genes, only three had SCL peaks (*Cdc6*, *Cdkn1a* and *Slc4a1*) and none are presumed LMO2 target. In contrast, 9 of the up-regulated genes are presumed direct SCL and LMO2 targets (**[S7A Fig](#pgen.1004768.s007){ref-type="supplementary-material"}. and [S3 Table](#pgen.1004768.s014){ref-type="supplementary-material"}**). These observations concur with the view that SCL together with LMO2 preferentially enhances transcription. We overlapped the *SCL-LMO1* up-regulated gene set with a compendium of molecular signatures (<http://discovery.hsci.harvard.edu/>). We found a subset of genes that are frequent in stem cell and cancer signatures (**[S7B Fig](#pgen.1004768.s007){ref-type="supplementary-material"}. and [S4 Table](#pgen.1004768.s015){ref-type="supplementary-material"}**), that includes *Hhex*, *Nfe2* and *Lyl1*. In particular, *Lyl1* is associated with HSC and cancer cell signature (**[S7B Fig](#pgen.1004768.s007){ref-type="supplementary-material"}.**) and controls HSC survival [@pgen.1004768-Souroullas1] (**[S7B Fig](#pgen.1004768.s007){ref-type="supplementary-material"}.**; [www.bonemarrowhsc.com](http://www.bonemarrowhsc.com)).

![*Lyl1* coordinates a self-renewal network downstream of *SCL-LMO1*.\
(**A**) Analysis of SCL-LMO1-upregulated genes in *Cd3ε* ^-/-^ thymocytes. Gene signatures were analysed using the Stem Cell Discovery Engine tool as described in Experimental procedures, and signatures deemed enriched in SCL-LMO1 up-regulated genes (adjusted p-val \<0.05) were classified into broad categories. The heatmap depicts the frequency of association to each gene by signature categories (stem cells, cancer, and other). (**B**) GSEA analysis of hematopoietic transcription factor signatures in *SCL-LMO1* thymocytes. The lists of genes bound by 31 hematopoietic transcription factors within 2 kb of their proximal promoters were extracted from a compendium of ChIP-seq experiments (see [Materials and Methods](#s4){ref-type="sec"}). The top 7 transcription factors are illustrated (FDR, false discovery rate, ranging from 0.01--0.32). In comparison, NOTCH1-bound genes were not up- or down-regulated by *SCL-LMO1*. (**C**) Hierarchical organisation of the self-renewal network controlled by SCL-LMO1. Integration of published ChIP-seq data [@pgen.1004768-Hannah1] with up-regulated genes in DN3 pre-leukemic thymocytes identified common targets of SCL, LMO2 and LYL1 (highlighted in yellow). Incoming edges represent the binding of regulators at the proximal promoters of target genes (peaks within 2kb of the transcription initiation sites). (**D**) SCL and LMO1 occupy *Lyl1* regulatory sequences. Chromatin extracts from the AD10.1 DN cell line expressing SCL (+SCL) or not (-SCL) were immunoprecipitated with the indicated antibodies. *Lyl1* regulatory sequences were amplified by q-PCR. Data are expressed as fold enrichment over IgG controls. (**E**) *Lyl1* gene expression is induced by *SCL-LMO1* but is not modified by *Notch1* in DN3 thymocytes. mRNA levels in purified DN3 thymocytes from the indicated transgenic mice were determined by qRT-PCR and normalized to *β-Actin* (Mean +/- SD, n = 3).](pgen.1004768.g004){#pgen-1004768-g004}

Next, we applied gene set enrichment analysis (GSEA) to uncover transcription factor signatures enriched in *SCL-LMO1* thymocytes, using a compendium of 55 ChIP-seq datasets representing 31 hematopoietic transcription factors from the HemoChIP project and others (see [Materials and Methods](#s4){ref-type="sec"}). Surprisingly, the LYL1 signature was the most up-regulated in *SCL-LMO1*-expressing DN3 thymocytes ([**Fig. 4B**](#pgen-1004768-g004){ref-type="fig"}). Significantly, GSEA analysis also detected an up-regulated signature of SCL transcriptional partners, GATA2, LMO2, LDB1, ETO2 and SCL, together with LYL1 and RUNX1-bound genes [@pgen.1004768-Wilson1]. On the other hand, NOTCH1 signature was not significantly enriched in this gene set, concurring with the view that *SCL-LMO1* and *Notch1* operate in parallel pathways. Furthermore, all LYL1-bound genes are comprised within the SCL-LMO1-bound gene set ([**S7**A **Fig.**](#pgen.1004768.s007){ref-type="supplementary-material"}, right panel). Overall, our transcriptome analysis predicted a hierarchy downstream of *SCL-LMO1* in which *Lyl1* could coordinate a *Notch1*-independent self-renewal network ([**Fig. 4C**](#pgen-1004768-g004){ref-type="fig"}).

By ChIP analysis, we found that SCL occupancy of the *Lyl1* locus in SCL-expressing DN cells (+ SCL) induced a 2- to 4-fold higher LMO1 binding to the *Lyl1* promoter compared to control cells (-SCL) ([**Fig. 4D**](#pgen-1004768-g004){ref-type="fig"}). Finally, we observed by qRT-PCR that *Lyl1* expression was significantly up-regulated by *SCL-LMO1* ([**Fig. 4E**](#pgen-1004768-g004){ref-type="fig"}), concurring with our microarray results. In contrast, the *Notch1* oncogene did not modify *Lyl1* expression in DN3 thymocytes expressing or not *SCL-LMO1* ([**Fig. 4E**](#pgen-1004768-g004){ref-type="fig"}).

We conclude that SCL and LMO1 induce aberrant stem cell gene expression in DN3 thymocytes and reprogram these cells to acquire stem cell-like properties.

Inhibition of E protein is insufficient for leukemogenesis {#s2g}
----------------------------------------------------------

SCL activates or represses gene expression, depending on its protein partners (reviewed in [@pgen.1004768-Lecuyer3]). Transcription activation critically depends on direct SCL-LMO1 or -LMO2 interaction to assemble a transcription complex on DNA [@pgen.1004768-Schlaeger1], [@pgen.1004768-Lecuyer1]. This interaction is dispensable for transcription inhibition of E protein targets, which is directly attributed to SCL interaction with E2A or HEB.

In particular, GSEA analysis indicated that E2A-presumed targets were not enriched within the list of differentially expressed genes (**[S8A Fig](#pgen.1004768.s008){ref-type="supplementary-material"}.**), suggesting that inhibition of E2A activity by SCL-LMO1 in DN3 thymocytes was not a major perturbation at the molecular level. We designed the *SCLm13* that is specifically defective in LMO1/2 binding while heterodimerization with E2A/HEB was unaffected [@pgen.1004768-Lecuyer1] (**[S8B Fig](#pgen.1004768.s008){ref-type="supplementary-material"}.**). Compared to wild type *SCL*, *SCLm13* failed to activate the transcription of *Lyl1* in transient assays whereas inhibition of E protein activity remained intact (**[S8C Fig](#pgen.1004768.s008){ref-type="supplementary-material"}.**). We previously identified *Ptcra* as a direct target of HEB/E2A that is inhibited by SCL [@pgen.1004768-Herblot1]. We therefore stably introduced SCL and SCLm13 in the DN cell line AD10 and found that both genes inhibited the expression of *Ptcra* to the same extent, indicating that direct SCL-LMO1/2 interaction was dispensable for inhibition of E proteins (**[S8D Fig](#pgen.1004768.s008){ref-type="supplementary-material"}.**).

E proteins are major cell fate deteminants in the thymus [@pgen.1004768-Ikawa1], [@pgen.1004768-Miyazaki1], leading to the current view that T-ALL induction by SCL-LMO1/2 is due to E protein titration and inhibition [@pgen.1004768-ONeil2]. To directly address the question whether the inhibition of E2A by SCL-LMO1 was sufficient for leukemogenesis, we generated transgenic mice expressing wild type *SCL* or the *SCLm13* mutant at comparable levels ([**Fig. 5A--B**](#pgen-1004768-g005){ref-type="fig"}). We observed that *SCLm13* fully retained its capacity to inhibit the expression of E protein target genes in DN3 thymocytes ([**Fig. 5C**](#pgen-1004768-g005){ref-type="fig"}). Significantly, while SCLm13 still inhibited E proteins (**[S8D Fig](#pgen.1004768.s008){ref-type="supplementary-material"}.**), there was a striking difference between the survival curves of *SCL* ^tg^ *LMO1* ^tg^ and *SCLm13* ^tg^ *LMO1* ^tg^ transgenic lines ([**Fig. 5D**](#pgen-1004768-g005){ref-type="fig"}). *LMO1* ^tg^ mice develop T-ALL with 20% penetrance and delayed onset at 400 days, as reported [@pgen.1004768-McGuire1]. In contrast, the disease was fully penetrant in *SCL* ^tg^ *LMO1* ^tg^ mice, with an accelerated onset of 170 days [@pgen.1004768-Tremblay1], [@pgen.1004768-Aplan1]. In *SCLm13* ^tg^ *LMO1* ^tg^ mice however, leukemia onset was delayed to 380 days and the penetrance reduced to 65% ([**Fig. 5D**](#pgen-1004768-g005){ref-type="fig"}), underscoring the importance of SCL-LMO1 interaction in leukemogenesis. To further address the question whether the genetic collaboration between SCL and LMO1 in leukemogenesis was due to inhibition of E proteins, we generated *E2a* ^+/-^ *LMO1* ^tg^ mice. Loss of one *E2a* allele significantly decreased expression levels of E2A target genes in DN thymocytes (**[S8E Fig](#pgen.1004768.s008){ref-type="supplementary-material"}.**) but did not mirror the collaboration of the *SCL* transgene with *LMO1* to induce T-ALL. Together, our results indicate that inhibition of E2A is insufficient for leukemogenesis and that direct SCL-LMO1 interaction is an important determinant of leukemia onset and disease penetrance.

![Transcription activation driven by SCL-LMO1 interaction is critical for thymocyte reprogramming and T-ALL induction.\
(**A**) Generation of transgenic mice expressing the LMO1-binding defective mutant SCLm13. The sequence coding for wild type human SCL or human SCLm13 HLH domain mutant [@pgen.1004768-Lecuyer1] were cloned into the VA h*CD2* cassette to generate transgenic mice. Shown are amino acids of the HLH region of SCL or SCLm13. (**B**) Immunofluorescence of human SCL (wt or m13) by flow cytometry. Thymocytes were stained with the monoclonal antibody against human SCL (BTL73). Control cells were stained with the second antibody only. (**C**) Expression of E protein target genes is inhibited both by *SCL-LMO1* and *SCLm13-LMO1* transgenes in DN3 thymocytes. mRNA levels in purified DN3 thymocytes from the indicated transgenic mice were determined by qRT-PCR and normalized to *β-Actin* (Mean +/- SD, n = 3). (**D**) Kaplan-Meier curves of the time to leukemia for *LMO1^tg^*, *E2a^+/-^LMO1^tg^*, *SCL^tg^LMO1^tg^* and *SCLm13^tg^LMO1^tg^* mice. (**E**) The interaction between SCL and LMO1 is required to activate the transcription of the self-renewal genes *Lyl1*, *Hhex* and *Nfe2* in DN3 thymocytes. mRNA levels in purified DN3 thymocytes from the indicated transgenic mice were determined by qRT-PCR and normalized to *β-Actin* (Mean +/- SD, n = 3). (**F--G**) SCL but not the LMO1-binding defective SCL-m13 mutant collaborates with LMO1 to induce abnormal thymic reconstitution potential to thymocytes. Pre-leukemic thymocytes (1.5×10^7^ cells) from 3-week-old mice were transplanted. Recipient mice were analysed for thymic reconstitution (CD45.2^+^Thy1^+^) after 6 weeks (F) and the proportion of DP cells in engrafted CD45.2^+^Thy1^+^ thymocytes was assessed by FACS (G).](pgen.1004768.g005){#pgen-1004768-g005}

Transcription activation by SCL-LMO1 is required for thymocyte reprogramming {#s2h}
----------------------------------------------------------------------------

We next addressed the question whether direct SCL-LMO1 interaction is required for self-renewal activity in DN3 thymocytes. The *m13* mutation severely impaired the activation of self-renewal genes including *Lyl1* ([**Fig. 5E**](#pgen-1004768-g005){ref-type="fig"}) and drastically decreased the capacity of total thymocytes ([**Fig. 5F**](#pgen-1004768-g005){ref-type="fig"}) or purified DN3 thymocytes (**[S9A Fig](#pgen.1004768.s009){ref-type="supplementary-material"}.**) to reconstitute the thymus of transplanted hosts. Thymic engraftment of *SCLm13* ^tg^ *LMO1* ^tg^ thymocytes were reproducibly decreased to levels observed with *LMO1* ^tg^ only. Nonetheless, *SCLm13* retained the same capacity as *SCL* to block the DN to DP transition compared to *LMO1* alone ([**Fig. 5G**](#pgen-1004768-g005){ref-type="fig"} **and [S9B Fig](#pgen.1004768.s009){ref-type="supplementary-material"}.**), a transition stage controlled by *E2a* and *Heb* gene dosage [@pgen.1004768-Bain1], [@pgen.1004768-Zhuang1]. Together, our results indicate that inhibition of E protein and thymocyte differentiation blockade are distinct from the acquisition of self-renewal activity, which requires direct SCL-LMO1 interaction and transcription activation of a self-renewal program.

*Lyl1* can substitute for *SCL* to collaborate with *LMO1* and reprogram thymocytes {#s2i}
-----------------------------------------------------------------------------------

Network analysis point to the importance of *Lyl1* downstream of SCL-LMO2 ([**Fig. 4C**](#pgen-1004768-g004){ref-type="fig"}), consistent with published results [@pgen.1004768-McCormack2]. Yet, ectopic expression of *Lyl1* on its own did not recapitulate *LMO2*-induced aberrant self-renewal in thymocytes [@pgen.1004768-McCormack1]. We reasoned that LYL1 activity most likely requires interaction with LMO1/2 for the following reasons: (*i*) the SCL interaction interface with LMO1/2 is conserved in LYL1 [@pgen.1004768-Schlaeger1]; (*ii*) LYL1 is in complex with SCL and LMO2 [@pgen.1004768-Deleuze1]; (*iii*) LYL1 binding to DNA often overlaps with SCL and LMO2 binding [@pgen.1004768-Wilson1]; and (*iv*) *Lyl1* is redundant with *Scl* in controlling HSC self-renewal [@pgen.1004768-Souroullas1]. We therefore generated *LYL1* ^tg^ *LMO1* ^tg^ mice to address the question whether *LYL1* enhances *LMO1* self-renewal activity. *LYL1* enhanced by 3-fold the activity of *LMO1* on thymocyte engraftment (**compare** [**Fig. 6A,** *left panel*](#pgen-1004768-g006){ref-type="fig"} and [**Fig. 5F**](#pgen-1004768-g005){ref-type="fig"}), whereas LYL1 alone did not reprogram thymocytes as expected. Similar to *SCL-LMO1*, *LYL1-LMO1* expanded DN3 cells only after transplantation ([**Fig. 6A,** *right panel and* **S**](#pgen-1004768-g006){ref-type="fig"} **10 Fig.**) and this expansion was in the same order of magnitude compared to the inactive *SCLm13-LMO1* ([**Fig. 6B**](#pgen-1004768-g006){ref-type="fig"}). The virtual convergence of *SCL-LMO2* and *LYL1-LMO2* target genes ([**Fig. 4C**](#pgen-1004768-g004){ref-type="fig"}) may explain the capacity of *LYL1-LMO1* to mimic *SCL-LMO1* in DN3 thymocytes ([**Fig. 6A--B**](#pgen-1004768-g006){ref-type="fig"}).

![LYL1 and LMO1/2 are co-expressed in human T-ALL and collaborate to reprogram thymocytes.\
(**A**) *LYL1* collaborates with *LMO1* to induce abnormal thymic reconstitution potential to thymocytes. 1.5×10^7^ thymocytes from the indicated mice were transplanted and thymic engraftment was analyzed after 6 weeks (*left panel*). Representative FACS profile of engrafted *LYL1* ^tg^ *LMO1* ^tg^ thymocytes (*right panel*). (**B**) *LYL1-LMO1*-induced DN3 expansion was comparable to *SCL-LMO1*-induced expansion after transplantation, as illustrated by the box plots (with the median and extreme values of each distribution, cohorts of n mice). (**C**) LMO2 expression levels correlate with LYL1 levels in T-ALL patient samples. Illustrated are the RPKM values for the indicated human gene. Note the high correlation coefficient between *LMO2* and *LYL1* and the absence of correlation with *TLX1/3*.](pgen.1004768.g006){#pgen-1004768-g006}

By RNA-Seq of 12 T-ALL patient samples, we found that *LYL1* and *HHEX* mRNA levels are highly correlated with *LMO2* levels (r = 0.8, [**Fig. 6C**](#pgen-1004768-g006){ref-type="fig"}), concurring with the view that *LYL1* and *HHEX* are downstream targets of *LMO2* in T-ALL.

Interestingly, *LYL1* expression in the absence of *TAL1* was found in 4 of 12 samples but *TAL1* expression was never found in the absence of *LYL1* ([**Fig. 6C**](#pgen-1004768-g006){ref-type="fig"}). These observations concur with the view that *TAL1* is upstream of *LYL1* ([**Fig. 4C--E**](#pgen-1004768-g004){ref-type="fig"}) and with the essential role of *Lyl1* in pre-thymic progenitors as well as in ETP-DN2 [@pgen.1004768-Zohren1]. Moreover, the absence of correlation between *TAL1* and *LMO2* mRNA levels are consistent with the observations that *LYL1*, but not *TAL1*, is essential for *LMO2*-induced T-ALL [@pgen.1004768-McCormack2].

We observed higher *LYL1*, *LMO2, HHEX* and *MEF2C* levels in ETP and pro-T ALL in adult ([**Fig. 6C**](#pgen-1004768-g006){ref-type="fig"}) and pediatric (**[S11 Fig](#pgen.1004768.s011){ref-type="supplementary-material"}.** [@pgen.1004768-Ferrando1]) T-ALL, consistent with this gene triad being direct targets of activation by MEF2C [@pgen.1004768-Homminga1]. Nonetheless, *LYL1* and *LMO1/2* expression was detected in a majority of T-ALL samples independently of *MEF2C* or of phenotypic classification and included *TLX1/3*- and *HOXA9*-expressing leukemias ([**Fig. 6C and S**](#pgen-1004768-g006){ref-type="fig"} **11 Fig.**). These observations suggest that the molecular pathways controlling self-renewal described here is not limited to T-ALL samples harboring *TAL1* or *LMO1/2* translocations but may be relevant to other oncogenic subtypes of T-ALL.

Discussion {#s3}
==========

Self-renewal as an initiating event in leukemia {#s3a}
-----------------------------------------------

Self-renewal is a mandatory trait of cancer stem cells as drivers of clonal expansion and evolution through layers of selective pressure [@pgen.1004768-Greaves1]. This self-renewal activity is essential for long-term propagation. We now provide evidence that self-renewal is an initiating event triggered by the reactivation of stem cell genes in thymocytes ([**Fig. 7A**](#pgen-1004768-g007){ref-type="fig"}), as exemplified by chromosomal translocations driving ectopic *SCL*, *LYL1* or *LMO1/2* expression in thymocytes. Our data indicate that LYL1 coordinates a self-renewal network downstream of SCL-LMO1 to reprogram thymocytes with a finite life span into self-renewing pre-LSCs. Importantly, these self-renewal genes require the high levels of physiological NOTCH1 in DN3 thymocytes for expressivity. Their activities are therefore modulated by the thymic mircroenvironment. Furthermore, the *Notch1* oncogene is devoid of intrinsic self-renewal activity but dramatically enhances *SCL-LMO1* activity by conferring a proliferative advantage to *SCL-LMO1*-primed pre-LSCs and by recruiting all immature thymocytes into division to expand the pool of pre-LSCs ([**Fig. 7B**](#pgen-1004768-g007){ref-type="fig"}). Consequently, the hyperactive *NOTCH1* allele acts as a strong enhancer of SCL-LMO1 by conferring additional fitness traits to *SCL-LMO*-initiated pre-LSCs, and allows for escape from envrironmental signals.

![Model of the collaboration between the SCL, LMO1 and *Notch1* oncogenes.\
(**A**) *SCL* and *LMO1* interact to upregulate *Lyl1* gene expression and create a feed forward loop that activates self-renewal in DN3 thymocytes. DN3 cells are prone to *SCL-LMO1* self-renewal activity due to higher physiological NOTCH levels. (**B**) The *Notch1* oncogene drastically enhances *SCL-LMO1*-induced self-renewal activity to expand the pool of target cells to DN1-4 and ISP8 in a parallel pathway via *Hes1* and *c-Myc*. *SCL-LMO1* initiated cells (A) subsequently acquire gain of function *Notch1* mutations (B), causing target cell expansion and escape from thymic environmental control.](pgen.1004768.g007){#pgen-1004768-g007}

Transcription activation by SCL-LMO1: reprogramming DN3 thymocytes into self-renewing pre-LSCs {#s3b}
----------------------------------------------------------------------------------------------

LMO2 interaction with SCL has several consequences. First, interaction with SCL protects LMO1/2 from proteasomal degradation [@pgen.1004768-Lecuyer1]. Second, SCL brings LMO2 to DNA, with two possible outputs: transcription activation or transcription inhibition. E proteins are major drivers of thymocyte development by activating gene expression programs that control cell survival, cell cycle and T-cell differentiation. In particular, SCL-LMO1 inhibit E protein activity and thymocyte differentiation [@pgen.1004768-Herblot1], [@pgen.1004768-ONeil2], leading to the current view that *SCL-LMO1/2* induced T-ALL is due to E protein inhibition [@pgen.1004768-ONeil2]. We bring several lines of evidence to indicate that the inhibition of E proteins is not the major cause of T-ALL. First, within the differentially expressed gene set in SCL-LMO1 DN3 thymocytes, we found a significant enrichment for binding by all SCL transcriptional partners, whereas E2A binding was not enriched. Second, removal of one *E2a* allele did not collaborate with *LMO1* to induce T-ALL even though *E2a* was haploinsufficient for target gene expression. Third, we show that inhibition of E protein activity by the *SCLm13* mutant did not enhance *LMO1* self-renewal activity, resulting a dramatically decreased leukemogenic activity compared to wild type *SCL*, as assessed by decreased penetrance and increased latency. The modest enhancement of *LMO1* in T-ALL induction by *SCLm13* remains compatible with a tumor suppressor function for E proteins [@pgen.1004768-ONeil2]. Therefore, the interaction of LMO1 with SCL, which is required to assemble a transcriptionally active complex on DNA [@pgen.1004768-Lecuyer1], is an important determinant of T-ALL development due to the reactivation of stem cell genes in DN3a thymocytes, during the pre-leukemic stage. By network analysis of the *SCL-LMO1* transcriptome in DN3a thymocytes, we identified a hierarchy downstream of *SCL-LMO1* which is controlled by *Lyl1*. Previous work indicated that *Lyl1* is critical for the oncogenic functions of *LMO2*, consistent with a non-redundant function for *Lyl1* in lymphoid progenitors and ETP [@pgen.1004768-Zohren1]. This finding not mirrored by ectopic *Lyl1* expression in the thymus [@pgen.1004768-McCormack1] whereas *Hhex* deficiency [@pgen.1004768-Smith1] is mirrored by *Hhex* overexpression [@pgen.1004768-McCormack1]. Considering that *LYL1* and *LMO2* chromosomal rearrangements were found simultaneously in a rare case of human T-ALL [@pgen.1004768-Homminga2], we now report that *LYL1* collaborates with *LMO1* to reprogram DN3 thymocytes.

In summary, we provide genetic evidence that transcription activation by SCL and LMO1 is a major determinant of self-renewal in pre-LSCs and of the aggressiveness of T-ALL.

*Notch1* as a strong enhancer of *SCL-LMO1* that expands the pool of pre-LSCs {#s3c}
-----------------------------------------------------------------------------

NOTCH signaling is essential for T-cell commitment and specification. In particular, NOTCH1 cooperates with the pre-TCR to control cell survival and proliferation at the DN to DP transition [@pgen.1004768-Ciofani1], at a critical checkpoint in the thymus. We previously showed that pre-TCR activity at the DN3 stage is required for the acquisition of *Notch1* mutations in *SCL* ^tg^ *LMO1* ^tg^ thymocytes [@pgen.1004768-Tremblay1]. Once mutated, these hyperactive *Notch1* alleles are sufficient to drive progression to T-ALL in concert with *SCL-LMO1*. Therefore, the pre-TCR is a strong determinant of leukemia onset and of disease penetrance. Strikingly, we show here that the initiating event of reprogramming DN3 thymocytes into self-renewing pre-LSCs by SCL-LMO1 is independent of the pre-TCR but requires NOTCH1 signal. Taken together, our observations indicate that the pre-TCR is a collaborating event in disease progression but dispensable for the initial transition from DN3 cells to pre-LSCs. In contrast, we show that high levels of physiologic Notch signals in DN3 cells were required for SCL-LMO1 reprogramming activity.

Functional studies of the *NOTCH1* oncogene at time of overt leukemia in both human [@pgen.1004768-Armstrong1], [@pgen.1004768-Gerby1] and murine LSCs [@pgen.1004768-Tatarek1], [@pgen.1004768-Giambra1], [@pgen.1004768-King1] showed that NOTCH1 controls leukemia initiating cell activity. In contrast, the role NOTCH1 in HSC self-renewal was controversial [@pgen.1004768-Chiang2], [@pgen.1004768-Maillard1], [@pgen.1004768-Yuan1]. Using the mouse model as a unique opportunity to specifically understand initiating events in T-ALL, we unexpectedly found that a hyperactive NOTCH1 allele is devoid of intrinsic reprogramming activity in thymocytes, suggesting that weaker leukemia-associated *Notch1* alleles [@pgen.1004768-Chiang2] also lack this activity, similar to *Notch3* [@pgen.1004768-McCormack1]. Instead, high levels of NOTCH1 activity sensitize target cells to the reprogramming activity of SCL and LMO1. Indeed, supraphysiologic NOTCH signaling was required past the DN3 stage, when physiologic NOTCH activity fell sharply. Therefore, our work provides a distinct conceptual framework to grasp the significance of the frequent co-occurrence of *NOTCH1* gain of function mutations with major classes of oncogenic transcription factors in T-ALL.

Multiple genetic interactions have been described for *Notch1* [@pgen.1004768-DAltri1], [@pgen.1004768-Weng2], [@pgen.1004768-Phelan1] (reviewed in [@pgen.1004768-Tzoneva1]). Similar to *Notch1*, *Hes1* also drives T-cell development and inhibits alternate fates [@pgen.1004768-DeObaldia1]. Interestingly, the conditional invalidation of *Hes1* in adult hematopoietic cells led to T-cell defects and disrupted T-ALL maintenance [@pgen.1004768-Wendorff1]. Whether *Hes1* contributes to oncogenic reprogramming of thymocytes at the initiation of the disease remained to be addressed. Here, we show that the hyperactive *Notch1* allele upregulates *Hes1* by 4-fold in DN3 thymocytes, which was insufficient for thymocyte self-renewal *in vivo* and required co-expression of the *SCL-LMO1* oncogenes.

*Myc* is required for the correct balance between self-renewal and differentiation of normal HSCs. Indeed, enforced *Myc* expression leads to HSC exhaustion whereas *Myc* deficiency results in increased HSC pool and self-renewal [@pgen.1004768-Laurenti1]-[@pgen.1004768-Wilson2]. Our analysis of the Immgen data set indicates that MYC target genes but not *Myc* mRNA levels correlate with NOTCH1 activity during normal differentiation. This indicates additional levels of regulation; in particular MYC proteins are regulated by the ubiquitin ligase FBW7 in HSCs [@pgen.1004768-Reavie1], which is frequently mutated in T-ALL patients [@pgen.1004768-ONeil3]. These observations point to the critical importance of regulating MYC levels in thymocytes. *MYC* is a well-documented target of *NOTCH1* in leukemogenesis [@pgen.1004768-Weng2]. Furthermore, Myc promotes fibroblast reprogramming into induced pluripotent stem cells [@pgen.1004768-Nakagawa1]. We now show that ectopic *My*c expression in thymocytes recapitulates the activity of the *Notch1* transgene to enhance thymocyte reprogramming by *SCL-LMO1*. Our observations on the role of *Notch1-Myc* as an enhancer of *SCL-LMO1* shed light on the pathway through which the BET-bromodomain inhibitors (JQ1) that inhibited Myc could decrease the growth of primary leukemic cells, i.e. most likely due to interference with the NOTCH1 pathway [@pgen.1004768-King1], [@pgen.1004768-Roderick1], [@pgen.1004768-Loosveld1]. Finally, our observations on the primordial role of *Myc* over *Hes1* in substituting for NOTCH1 signals is consistent with the model of feed-forward-loop activated by NOTCH1 and MYC that promotes leukemic cell growth [@pgen.1004768-Palomero1].

Therefore, our work clarifies the important role of *Notch1-Hes1/Myc* in the thymus as enhancers of self-renewal, but not as oncogenes with reprogramming activity. The *Scl* and *Lmo2* genes [@pgen.1004768-Herblot1] are silenced in DN3 thymocytes by a repressive histone mark [@pgen.1004768-Zhang1]. We therefore surmised that chromosomal translocations or retroviral integration upstream of the *LMO2* locus observed in pediatric T-ALL overcome these repressive marks to cause ectopic expression of oncogenes such as *LYL1, SCL* and *LMO2* which, in the context of DN3 thymocytes, collaborate with *NOTCH1-HES1/MYC* to confer aberrant self-renewal to these cells. We therefore propose a model in which *SCL-LMO1-Lyl1* and *Notch1-Hes1* are complementary in thymocyte reprogramming ([**Fig. 7B**](#pgen-1004768-g007){ref-type="fig"}).

Oncogenic reprogramming sets a pre-leukemic state by enabling self-renewal {#s3d}
--------------------------------------------------------------------------

Phenotypic plasticity or lineage infidelity is often observed in cancer [@pgen.1004768-Smith2]. A recent report indicates that phenotypic plasticity predisposes reprogrammed fibroblasts to express stem cell characteristics and to induce tumors in nude mice [@pgen.1004768-Ischenko1]. In contrast, we show here that pre-leukemic stem cells conserve their DN3 phenotype through three rounds of transplantation and that the acquisition of self-renewal as an essential stem cell characteristic can occur in the absence of phenotypic plasticity. Therefore, our data indicate that phenotype plasticity is not an essential premise for oncogenic reprogramming whereas self-renewal is a mandatory trait [@pgen.1004768-Greaves1].

The cell of origin of T-ALL was inferred from the phenotype of the leukemic cells [@pgen.1004768-Ferrando1], or of LICs which was closer to the phenotype of a T-cell progenitor [@pgen.1004768-Gerby1], [@pgen.1004768-Chiu1]. Nonetheless, LICs. have evolved through several selective constraints and acquired additional complexity and are defined as cells that produce an overt invasive leukemia. Here we define the cell of origin of T-ALL and the mechanisms by which oncogenes reprogram normal thymocytes. We bring evidence that the activation of a self-renewal program requires collaboration between several genes and incoming environmental signals, which is likely to determine the nature of the cell of origin of leukemia. Thus, *SCL*, *LYL1* or *Notch1* are not endowed with intrinsic reprogramming activity. Both *SCL* and *LYL1* strongly enhanced *LMO1* self-renewal activity in DN3 thymocytes due to higher endogenous NOTCH1. Furthermore, the combination of three oncogenes, *Notch1*, *SCL* and *LMO1* had the strongest effect on self-renewal. Therefore, our data provide new mechanistic insights into the original two-hit model of cell transformation. Instead of each oncogene acting independently as a master switch in leukemia initiation, our work argues for the coincidence detection model in which biological outputs depend on the simultaneous occurrence of multiple signals within a network. Such cooperativity governs the process of self-renewal in pre-LSCs, which is an initiating event in T-ALL.

High LYL1 and LMO2 expression in T-ALL was previously associated with immature or ETP-ALL [@pgen.1004768-Ferrando1], [@pgen.1004768-Homminga1], [@pgen.1004768-Soulier1]. While TAL1 expression in T-ALL was linked with a late cortical stage of T cell differentiation on the basis of cell surface markers [@pgen.1004768-Ferrando1] or whole transcriptome [@pgen.1004768-Soulier1], we provide cellular and genetic evidence that the initiating events occur in earlier stages in which NOTCH1 signals are highest, i.e. at the DN2b to DN3a transition, and that the *Cd3ε* gene is dispensable. These observations prompted us to examine the transcriptome of human adult T-ALL (Leucegene-IRIC) [@pgen.1004768-Simon1] and pediatric T-ALL [@pgen.1004768-Ferrando1]. This analysis also revealed that LYL1 and LMO2 were high in ETP and pro-T ALL but were detectable in almost all samples, suggesting that the molecular network defined in our study might operate in most T-ALL [@pgen.1004768-Nagel1]. The importance of the SCL-LMO1 interaction described here for pre-LSC self-renewal activity, combined with the molecular view of this interaction interface suggests that targeting SCL-LMO interaction might represent a novel and promising therapeutic avenue. Such approach will be applicable to LYL1-LMO2 since the residues interacting with LMO2 are conserved between SCL and LYL1.

Materials and Methods {#s4}
=====================

Mice and ethics statement {#s4a}
-------------------------

All animals were maintained in pathogen-free conditions according to institutional animal care and guidelines set by the Canadian Council on Animal Care. Our protocol entitled "T-cell acute lymphoblastic leukemia induced by the SCL oncogene" was approved by the Ethics Committee of experimentation on animals of the University of Montreal, CDEA (Comité de d?ontologie de l\'expérimentation sur les animaux).

Transgenic mice were previously described: *pSil-TSCL* (*SCL^tg^*) [@pgen.1004768-Aplan1], *Lck*-*LMO1* (*LMO1* ^tg^) and *Lck*-*NotchIC9* (*Notch1* ^tg^) (NIAID/Taconic Repository Bethesda), *E2a^+/-^* [@pgen.1004768-Zhuang2], *Lck*-*LYL1* (*LYL1* ^tg^) (International Mouse Strain Resource), *Transgenic Notch Reporter* (*TNR* ^tg^) (Tg(Cp-EGFP)25Gaia, The Jackson Laboratory, Maine, United States) and *Cd3ε* ^-/-^ [@pgen.1004768-Malissen1]. Mice cohorts were generated by cross-breeding. Their genotypes were verified by PCR. The gene encoding the short isoform (p22) of wild-type and m13 mutant [@pgen.1004768-Lecuyer1] SCL protein was amplified by PCR using the following primers: 5′-GCGCGAATTCATGGAGATTACTGATGGT-3′ and 5′-TATACCCGGGTCACCGAGGGCCG-GCTCC-3′. These fragments were digested with EcoRI and SmaI and subcloned in *Cd2*-VA minigene construct (gift from Dr Dimitris Kioussis, National Institute for Medical Research, London, UK) [@pgen.1004768-Zhumabekov1], [@pgen.1004768-Greaves2]. DNA was microinjected into the pronucleus of C57BL6 mice by IRIC Transgenesis Core Facility, University of Montreal. Transgenic mice were backcrossed into the C57BL6 background for more than 10 generations.

Transplantation assay {#s4b}
---------------------

Pre-leukemic thymocytes from donor mice (CD45.2^+^) are transplanted intravenously into sub-lethally irradiated (600cGy) recipient mice (CD45.1^+^). Thymic chimerism in the T-lineage (Thy1.2^+^) was analysed by flow cytometry (FACS) and illustrated by the percentage of donor-derived cells (% CD45.2^+^) found in the recipient thymus.

Limiting dilution assays {#s4c}
------------------------

Pre-leukemic thymocytes from *SCL^tg^LMO1* ^tg^ and *Notch1^tg^SCL^tg^LMO1* ^tg^ mice were transplanted into sub-lethally (600 cGy) irradiated hosts (CD45.1^+^) at various cell doses (10^7^, 10^6^, 10^5^, 10^4^, 10^3^, and 10^2^) per recipient mouse (n = 7 mice for each dose). Mice were scored positive when T-cell lineage reconstitution was more than 1%. Pre-leukemic stem cell (pre-LSC) frequency (Range pre-LSC ± Confidence Interval) and Competitive Re-populating Unit (CRU) frequency for the indicated genotypes were calculated by applying Poisson statistics using the Limiting Dilution Analysis software (Stem Cell Technologies). The same strategy was used to compare the pre-LSC frequencies of DN3 *SCL* ^tg^ *LMO1* ^tg^ and *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes. The mean activity of pre-leukemic stem cells (MAS) is calculated according to the Harrison formula [@pgen.1004768-Harrison1], [@pgen.1004768-Ema1]. MAS represent the pre-LSC potential of approximately 1 CRU: MAS  =  \[RU\]/\[CRU\] where RU represents the re-populating activity of pre-LSC and CRU was determined by limiting dilution analysis as above. RU was calculated as previously described [@pgen.1004768-Lacombe1]. Since the number of competitor cells corresponds to the number of cells in the thymus of sub-lethally irradiated recipient mice, the formula was applied as follows: RU  =  \[number of donor-derived cells\]/\[number of competitor host cells in recipient mouse thymus\].

*In vivo* competitive assay {#s4d}
---------------------------

Pre-leukemic *Cd3ε* ^-/-^ *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes (CD45.2^+^ GFP^-^) from one-week-old mice were mixed with *Cd3ε* ^-/-^ *Gfp* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ competitor thymocytes (CD45.2^+^ GFP^+^) in two ratios (1∶1 and 1∶20) at the indicated cell doses in [Fig. 2D](#pgen-1004768-g002){ref-type="fig"} and [S4C Fig](#pgen.1004768.s004){ref-type="supplementary-material"}. Mixed cells were then transplanted in irradiated hosts (CD45.1^+^). Thymic reconstitution by transplanted cells was assessed by FACS analysis 3 weeks post-transplantation.

Immunostaining and FACS analysis {#s4e}
--------------------------------

Single-cell suspensions were prepared from thymi of mice of the indicated ages and genotypes. Immunostaining was done as previously described [@pgen.1004768-Herblot1]. All antibodies used for flow cytometry analysis were from Pharmingen (BD Biosciences, Mississauga, Ontario, Canada): CD44 (IM7), CD25 (PC61.5), CD4 (RM4-4), CD8 (53-6.7), Thy1.2 (30-H12) and CD24 (30-F1). Dead cells were excluded by propidium iodide staining. FACS, cell cycle and cell division analysis were performed on a LSRII cytometer (BD Biosciences) using DIVA (BD Biosciences) and ModFit LT (Verity Software House, Topsham, Maine, United States) software.

Nuclear SCL labeling {#s4f}
--------------------

For nuclear SCL labeling, thymocytes were fixed and permeabilized with Fixation/Permeabilization Solution Kit and washed 3 times with Perm/Wash buffer (BD Cytofix/Cytoperm, 554714; BD Biosciences, Mississauga, Ontario, Canada). The cells were then labeled with the monoclonal anti-human SCL BTL73 [@pgen.1004768-Tanigawa1] at 1∶10 dilution, washed extensively with PBS, followed by a goat anti-mouse antibody coupled to FITC. The antibody was a generous gift from Danièle Mathieu-Mahul (Institut de Génétique Moléculaire, Montpellier, France).

Co-culture conditions {#s4g}
---------------------

Pre-leukemic cells were purified by FACS from transgenic mice and co-cultured on (GFP-positive) OP9 and OP9-DL1 stromal cell lines, as described previously [@pgen.1004768-Schmitt1]. Briefly, pre-leukemic cells were co-cultured on OP9 and OP9-DL1 cells in reconstituting a-MEM medium (12561, Gibco, Life Technologies, Burlington, Ontario, Canada) supplemented with 10% FBS (12318, Gibco), HEPES 10 mM (15630-080, Gibco), sodium pyruvate 1 mM (11360-070, Gibco), b-mercaptoethanol 55 µM (21985-023, Gibco), glutamax 2 mM (15750-060, Gibco), penicillin/Streptomycin (15140-122, Gibco), 5 ng/mL FLT-3 Ligand (308-FK, R&D system) and 5 ng/mL IL-7 (407-ML, R&D system). Medium was half changed twice per week and the cells were counted and phenotyped by FACS after co-culture.

T-cell activation assay {#s4h}
-----------------------

T-cell stimulation was assessed using anti-CD3/CD28 beads as previously described [@pgen.1004768-Trickett1]. Briefly, engrafted *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic T cells (donor thymocytes) and host thymocytes were purified by FACS and co-cultured on a OP9-DL1 stromal cell line over 3 days with anti-CD3/CD28 beads (Dynabeads Mouse T-Activator CD3/CD28, 114.52D, Invitrogen, Life Technologies, Burlington, Ontario, Canada). The expression of the activation marker CD69 (H1.2F3, eBioscience, San Diego, California, United States) was then analyzed by flow cytometry at the surface of SP4 and SP8 cells. Host B cells purified from the spleen were used as a negative control.

Cell cycle assay {#s4i}
----------------

DN3 thymocytes from WT, *SCL* ^tg^ *LMO1* ^tg^, *Notch1* ^tg^ and *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ mice were purified by FACS and co-cultured on OP9-DL1 stromal cell line during 3 days. Derived-thymocytes were immunostained with T cell markers and then fixed and permeabilized (CytofixCytoperm Plus, BD Bioscience) during 30 minutes before the staining with the Ki67-FITC antibody. The DAPI was added at the end of the staining as a marker of DNA content. Cycle cycle analysis of DN3 thymocytes was finally analysed by FACS.

Microarray analysis {#s4j}
-------------------

RNAs collected from *Cd3ε* ^-/-^ and *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes were amplified and hybridized onto Affymetrix Mouse Genome 430A 2.0 arrays (Ottawa Genome Centre, Ottawa, Ontario, Canada). Raw data pre-processing and differential expression analysis was carried out using Bioconductor packages in the R environment, according to the following pipeline: (*i*) probesets were summarized and normalized using the RMA procedure implemented in the Affy package [@pgen.1004768-Gautier1]; (*ii*) absent/present probesets were detected using the MAS5 implementation of the Affy package, and probesets deemed absent in both conditions (*Cd3ε^-/-^* and *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^) were removed from downstream analysis; and (*iii*) detection of differentially expressed genes was carried out using the Rank Products package [@pgen.1004768-Breitling1].

Collection and analysis of ChIP-Seq datasets {#s4k}
--------------------------------------------

We collected genome-wide chromatin occupancy data for 31 hematopoietic transcription factors (51 ChIP-seq experiments in total) from Wang et al [@pgen.1004768-Wang1] and the HemoChIP project [@pgen.1004768-Hannah1]. NOTCH1-binding peaks in G4A2 and T6E murine cell lines were computed using the Galaxy tool, according to the following steps: (i) sequence reads were mapped to the mouse genome mm9 using Bowtie with default parameters (maximum 2 mismatches); and (ii) peak coordinates were determined by the MACS tool, using the Pvalue cutoff \<10--9. Peak coordinates for the HemoChIP dataset mapped to the mouse genome mm9 were downloaded from <http://hscl.cimr.cam.ac.uk/ChIP-Seq_Compendium/ChIP-Seq_Compendium2.html>. Finally, all peaks were associated to their closest transcription start sites in the mouse genome using PeakAnalyzer v.1.4 tool [@pgen.1004768-SalmonDivon1]. Gene lists bound by transcription factors used in downstream analyses ([Figs. 4A](#pgen-1004768-g004){ref-type="fig"}, [5D](#pgen-1004768-g005){ref-type="fig"}, [6A](#pgen-1004768-g006){ref-type="fig"}) included only those genes containing at least one binding site for the given regulator within the proximal promoter (2 kb region around the transcription start site).

RT-qPCR {#s4l}
-------

Total RNAs were prepared from 50,000 purified cell population cells from 1-week-old mice using RNeasy extraction kit (Qiagen, Mississauga, Ontario, Canada). First strand cDNA syntheses were performed by reverse transcription as described [@pgen.1004768-Herblot1]. Primer sequences are listed in [S5 Table](#pgen.1004768.s016){ref-type="supplementary-material"}. Real-time quantitative PCR was done with SYBR Green Master Mix (Applied Biosystems, Foster City, California, United States) on Stratagene Mx3000 apparatus (Stratagene, La Jolla, California, United States). ΔΔCt values were calculated using Ct values from *β-actin* gene as reference.

ChIP assays {#s4m}
-----------

The DN thymoma cell line AD10.1 [@pgen.1004768-Herblot1] was cultured in IMDM (Invitrogen, Burlington, Ontario, Canada) containing 10% inactivated foetal calf serum (FSC) and 50 µM β-mercaptoethanol. The parental cell line was retrovirally transduced with MSCV empty vector or MSCV-SCL-expressing vector, and stable transfectants were kept under neomycin selection (1 mg/mL). Chromatin immunoprecipitation were performed as described previously [@pgen.1004768-Tremblay2] using the following antibodies: anti-SCL mouse monoclonal antibodies BTL73 (generously provided by Dr. D. Mathieu-Mahul, Institut de Génétique Moléculaire, Montpellier, France), rabbit anti-LMO1 (Bethyl Laboratories, A300-314A; Cedarlane Laboratories, Burlington, Ontario, Canada), and anti-rabbit IgG (Sigma, St-Louis, Missouri, United States). Oligonucleotide sequences used for promoter amplification are shown in [S5 Table](#pgen.1004768.s016){ref-type="supplementary-material"}.

Gene transfer into bone marrow cells {#s4n}
------------------------------------

Gene transfer into bone marrow cells from 1-week-old pre-leukemic *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ mice was performed essentially as previously described [@pgen.1004768-Lacombe2]. Bone marrow cells were depleted of lineage positive cells through immunomagnetic bead cell separation (LIN^-^) and plated in suspension culture in IMDM with 15% FCS, 100 ng/mL murine Steel Factor (SF), 10 ng/mL human IL-6, 100 ng/ml human IL-11 and 5 ng/mL murine IL-3, at a concentration of 1×10^6^ cells/mL. All cytokines were produced as COS cell supernatants and were calibrated against recombinant standards. For the over-expression of Hes1 and c-Myc, LIN^-^ cells were overlaid on irradiated (1500 cGy) virus producing GP+E-86 cells contenaining the MSCV-GFP or --Hes1 or c-Myc in the presence of 0.8 µg/mL of polybrene (Sigma Aldrich) for 48h. For the down-regulation of Hes1, LIN^-^ cells were infected using lentiviral vectors containing either non-targeting shCTL or shHes1 (Sigma, TRCN0000028854; St. Louis, Missouri, United States) for 48 h. Following infection, cells were selected for 2 d with puromycin (1.5 µg/ml) and transplanted into irradiated CD45.1 hosts.

Transcriptome sequencing of T-ALL patient samples {#s4o}
-------------------------------------------------

11 T-ALL samples were collected by the Quebec Leukemia Cell Bank with informed consent. The project was approved by the Research Ethics Board of the Maisonneuve-Rosemont Hospital and Université de Montréal. These samples include the complete array of phenotypic T-ALL, ranging from ETP (1 sample) to cortical T (3 samples), as previously published [@pgen.1004768-Simon1]. Transcriptome libraries were generated from 4 µg total RNA. Sequence data obtained by paired-end sequencing (2×100 bp, Illumina HiSeq2000) were mapped to the mouse reference genome and analyzed as reported. RNA-seq yielded 15 Gb of mapped reads per sample, with an average of 15.2 reads per kilobase per million (RPKM). Data were log2 transformed and normalized between samples. RPKM values are taken as measures of the relative molar RNA concentration for each set of transcript. Correlation coefficients calculated for *LMO2* are shown in [Fig. 6C](#pgen-1004768-g006){ref-type="fig"}.

Additional details for clonality analysis, co-immunoprecipitation, Luciferase assays and Notch1 sequencing are provided in [S1 Protocol](#pgen.1004768.s017){ref-type="supplementary-material"}.

Supporting Information {#s5}
======================
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(**A**) Schematic diagram of thymocyte differentiation. (**B**) Gating strategy for purification of thymocyte subpopulations. (**C**) Total cell numbers recovered from the thymi and spleens of mice transplanted with either pre-leukemic thymocytes or leukemic thymocytes from *SCL* ^tg^ *LMO1* ^tg^ mice. Donor thymocytes were taken during the pre-leukemic phase (5 week-old) or at time of overt leukemia (16-20 week-old).
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Click here for additional data file.

###### 

GSI does not affect the viability of OP9-DL1 stromal cells. OP9-DL1 stromal cells were cultured in the presence (0.5--5 µM) or not of DAPT (GSI). After 4 days, the number of viable cells recovered per culture was calculated.
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Click here for additional data file.

###### 

The *Notch1* oncogene collaborates with SCL-LMO1 to induce pre-leukemic cell infiltration in hematopoietic organs. (**A**) Mice transplanted with *SCL* ^tg^ *LMO1* ^tg^ or *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes were analyzed by flow cytometry for reconstitution in the spleen and BM after 3 weeks (10^5^ thymocytes per mouse). (**B**) Representative FACS profiles of donor-derived T cells (CD45.2^+^Thy1^+^) recovered in the thymus, spleen and BM of mice transplanted with *SCL* ^tg^ *LMO1* ^tg^ and *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes after 3 weeks. Note that the low levels of donor-derived T cells (\<1%, panel A) in the spleen and bone marrow of mice transplanted with *SCL* ^tg^ *LMO1* ^tg^ thymocytes were mature SP8 or SP4 cells whereas the thymus was repopulated to high levels (10--80%) by donor-derived immature DN and DP cells. In contrast, the spleen, bone marrow and thymus of mice transplanted with *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes were reconstituted to high levels by the same DN, ISP8 and DP cells. (**C**) Oncogenic *Notch1* did not modify the mean stem cell activities (MAS) of *SCL* ^tg^ *LMO1* ^tg^ pre-LSCs. The MAS of *SCL* ^tg^ *LMO1* ^tg^ and *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-LSCs was calculated at ∼1 CRU. Box plots illustrate the medians together with the 25 and 75 percentiles and the extreme values in each distribution. (**D**) *Tcrβ* gene rearrangement signature in pre-leukemic thymocytes from *SCL^tg^LMO1^tg^*, *Notch1^tg^SCL^tg^LMO1^tg^* mice before and after transplantation.
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###### 

The Notch1 oncogene confers a competitive advantage to *SCL* ^tg^ *LMO1* ^tg^ thymocytes whereas pre-TCR signalling is dispensable. (**A**) Representative FACS profiles of thymocytes from *Cd3ε*-proficient or *Cd3ε*-deficient WT mice. (**B**) DN3 *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes exhibit an aberrant self-renewal activity. Serial transplantation of pre-leukemic *Cd3ε* ^-/-^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes (5×10^6^) was into primary (I), secondary (II) and tertiary (III) recipient mice (6 to 9 mice per group) (*left panel*). The absolute numbers of donor-derived DN3 thymocytes were calculated 3 weeks after transplantation (*right panel*). (**C**) The *Notch1* oncogene confers a competitive advantage to *Cd3ε^-/-^SCL-LMO1* pre-leukemic thymocytes. Illustrated are representative FACS profiles of competition assays between *Cd3ε^-/-^Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ and *Cd3ε^-/-^Gfp* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ thymocytes, 3 weeks post-transplantation. Data show reconstitution (Thy1.2^+^CD45.2+) within the GFP^+^ and GFP^-^ populations, representative of each cohort of transplanted recipients. (**D**) *Notch1* expands the cellular targets of *SCL-LMO1* to DN1-4 and ISP8 but not DP cells. Pre-leukemic thymocyte subsets were purified from *Notch1^tg^SCL^tg^LMO1* ^tg^ mice as indicated and transplanted at 3×10^4^ cells per recipient mouse and engraftment in the thymus, le spleena and the BM was assessed 3 weeks later.
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###### 

DN3 thymocytes express highest Notch levels and exhibit highest NOTCH1 activity. (**A**) Expression levels of the *Notch1* and *Notch3* genes in purified thymocyte subsets from *WT* and *SCL* ^tg^ *LMO1* ^tg^ mice were assessed by qRT-PCR. Data are the mean +/-SD of 3 independent experiments, after normalization to *β-Actin*. (**B**) The percentages of GFP^+^ cells in thymocyte subsets from Notch1 reporter (*TNR^tg^*) mice were compared by flow cytometry analysis.
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Click here for additional data file.

###### 

(**A**) Lineage negative (LIN^-^) cells from *SCL* ^tg^ *LMO1* ^tg^ mice (CD45.2^+^) were transduced with either MSCV-GFP, -Hes1 and -cMyc retroviral vectors as described in [Fig. 3D](#pgen-1004768-g003){ref-type="fig"}. Absolute number of donor-derived GFP^+^CD45.2^+^ DN1, DN4 and DP thymocytes in primary mice was calculated. (**B**) *Hes1* RNA interference decreases the expansion of *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes in transplanted hosts. Lineage negative (LIN^-^) cells from *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ mice were transduced with either sh*Hes1* lentiviral vectors or non-targeted control shRNA (shCTL) and transplanted (*upper panel*). Thymocytes were harvested and transplanted into secondary recipients. Shown are the absolute numbers of donor-derived thymocyte subsets in secondary recipient mice (n = 7, \*\* p\<0.001, *lower panel*).
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(**A**) Heatmap of the 53 up-regulated genes identified by transcriptome analysis of *Cd3ε* ^-/-^ thymocytes expressing SCL-LMO1 or not with the probability of false positive \<0.01 (*left panel*). Comparison of this list with the TAL-1, LMO2 and LYL1 genome binding profiles from a compendium of ChIP-seq datasets in several hematopoietic cell lines [@pgen.1004768-Hannah1] (*right panel*). (**B**) *Lyl1* gene is associated with hematopoietic and cancer stem cell signature. The comparison of the up-regulated genes by SCL-LMO1 in pre-leukemic thymocytes with published gene signatures from the GeneSig and SDB databases highlights a subset of genes that are found in hematopoietic and cancer stem cell signatures, including *Lyl1*.
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(**A**) GSEA analysis of E2A-bound genes in *SCL-LMO1* thymocytes was analyzed as described in [Fig. 4B](#pgen-1004768-g004){ref-type="fig"}. (**B**) SCLm13 interacts with E47 but not LMO1. Thymocyte extracts were immunoprecipitated with the indicated antibodies (IP), followed by western blotting with the antibodies shown on the left. Note that both E47 and LMO1 co-immunoprecipitated with SCL while only E47 co-immuprecipitated with SCLm13. (**C**) The interaction between SCL and LMO1 is required for *Lyl1* promoter activation. Results are expressed as fold activation of the *Lyl1* promoter (*Lyl1*-Luc) in NIH3T3 cells co-transfected with *SCL* or *SCLm13* together with *LMO1*, *LDB1*, *E47* and *GATA1* (complex +SCL or SCLm13) relative to the reporter vector alone. The activity of this complex depends on SCL (compare complex + versus -- SCL). Data were normalized to an internal control for transfection efficiency (CMV-βgal) and represent the mean ± SD (n = 3). (**D**) E protein-dependent *Ptcra* enhancer activity is similarly inhibited by SCL and SCLm13. AD10.1 DN T cells were electroporated with *Ptcra* enhancer constructs, and the MSCV vector with or without SCL or SCLm13. Results are expressed as luciferase activity relative to the minimal TATA promoter. (**E**) Loss of one *E2a* allele significantly decreased expression levels of E2A target genes in DN thymocytes. mRNA levels of *Cdkn2a* and *Ptcra* in purified DN thymocytes from *E2a* ^+/+^, *E2a* ^+/-^ and *E2a* ^-/-^ mice were determined by qRT-PCR and normalized to *β-Actin* (Mean +/- SD, n = 3).
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(**A**) Pre-leukemic DN3 thymocytes from 3-week-old donor mice of the indicated genotypes were transplanted (5×10^4^ cells per recipient mouse). Donor-derived thymocytes (CD45.2^+^Thy1^+^) were analysed by flow cytometry 6 weeks post-transplantation. (**B**) Representative immunophenotypes of engrafted thymocytes of the indicated genotypes.
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Click here for additional data file.

###### 

*LYL1-LMO1* specifically expand the DN3 cell population after transplantation. Pre-leukemic thymocytes (1.5×10^7^ cells) from 3-week-old *LYL1* ^tg^ *LMO1* ^tg^ mice (CD45.2^+^) were transplanted into sub-lethally irradiated CD45.1^+^ recipient mice. Mice were analyzed for engraftment 6 weeks post-transplantation. The expansion folds of the indicated thymocyte subsets were calculated as the ratio of the absolute numbers of donor-derived cells of each subset recovered from the thymus of transplanted mice over the absolute numbers present in the initial inoculum.
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Heat map of gene expression profiles in pediatric T-ALL patient samples [@pgen.1004768-Ferrando1] obtained by RT-PCR.

(PDF)
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Click here for additional data file.

###### 

Absence of *Notch1* activating mutations in *SCL* ^tg^ *LMO1* ^tg^ and *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes. The exons 26, 27 and 34 of the *Notch1* gene from *SCL* ^tg^ *LMO1* ^tg^ and *Notch1* ^tg^ *SCL* ^tg^ *LMO1* ^tg^ pre-leukemic thymocytes before and after transplantation were sequenced. *SCL* ^tg^ *LMO1* ^tg^ leukemic cells were used as a positive control. Provided in excel file.

(XLS)
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Click here for additional data file.
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List of NOTCH1-bound genes responding to GSI that are upregulated during thymocyte differentiation. Gene expression data from the Immgen project were collected. Listed are genes that increase by more than 1.3-fold at each transitional stage and exhibit NOTCH1-bound peaks within 2 kb of the transcription start sites [@pgen.1004768-Wang1]. Peaks that are common in 2 murine T-ALL cell lines were retained for this analysis. Provided in excel file.

(XLS)
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Click here for additional data file.
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List of genes differentially expressed between *Cd3ε* ^-/-^ thymocytes expressing or not the *SCL* and *LMO1* oncogenes assessed by a probability of false positive threshold (Pfp) smaller than 0.01. The comparison of this list with the TAL-1/LMO2 genome binding profiles from a compendium of ChIP-seq datasets in several hematopoietic cell lines [@pgen.1004768-Hannah1], identified 9 genes (in bold) that are presumed direct SCL and LMO2 targets. Provided in excel file.

(XLS)
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Click here for additional data file.
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Significant signature enrichment in differentially expressed genes (adjusted p values ≤0.05). Provided in excel file.

(XLS)
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Click here for additional data file.

###### 

Sequences of oligonucleotide primers used for TaqMan Real-time quantitative PCR, *TCRβ* gene rearrangements, chromatin immunoprecipitation and for Sanger sequencing of exons 26, 27 and 34 of the *Notch1* gene. Provided in excel file.

(XLS)
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Click here for additional data file.
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Additional details for clonality analysis, co-immunoprecipitation, luciferase assays and Notch1 sequencing are provided in [S1 Protocol](#pgen.1004768.s017){ref-type="supplementary-material"}.
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Click here for additional data file.

We thank Danièle Mathieu (INSERM, Marseille, France) for the anti-SCL antibody, Danièle Gagné and Gael Dulude for assistance with flow cytometry, Véronique Litalien for mouse husbandry, André Haman with co-culture assays, Alycia Try and Ngoc Vo for promoter-enhancer assays, Pierre Chagnon and Raphaëlle Lambert for sequencing.

[^1]: The authors declare no competing financial interest.

[^2]: Conceived and designed the experiments: BG DFTV MT CST EL TH. Performed the experiments: BG CST MT DFTV SRS SH. Analyzed the data: BG CST MT DFTV SRS SL SH GS JH TH. Contributed reagents/materials/analysis tools: EL GS JH. Wrote the paper: BG CST MT DFTV EL GS TH.

[^3]: Current address: Australian Centre for Blood Diseases (ACBD), Monash University, Melbourne, Victoria, Australia

[^4]: Current address: Pediatrics Department, Faculty of Medicine, University of Montreal, and Charles-Bruneau cancer centre, Sainte-Justine Hospital, Montréal, Québec, Canada
